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Fault Tolerant Control and Actuator Redundancy
A fault may be dened as a defect or imperfection that occurs in the hardware or software of a system. Faults in automated processes will often cause undesired reactions which could manifest as failures , where an expected action is not completed by the overall system. The consequences of failures could include damage to the plant, its environment, or people in the vicinity of that plant [Blanke et al., 2001] . Fault tolerant control aims to prevent failures and achieve adequate system performance in the presence of faults. The majority of research to date has concentrated on sensor faults. Signicant advances have been made in this area, however, most of these strategies are not applicable to actuator faults. This is attributable to the fundamental dierences between actuators and sensors. Sensors deal with information, and measurements may be processed or replicated analytically to provide fault tolerance. However, actuators must deal with energy conversion, and as a result actuator redundancy is essential if fault tolerance is to be achieved in the presence of actuator faults. Actuation force will always be required to keep the system in control and bring it to the desired state [Patton, 1991] . No approach can avoid this fundamental requirement. The common solution is to use some form of over-actuation in which the fault-free system has more control action than needed. For critical systems, the normal approach involves straightforward replication of the actuators, e.g. 3 or 4 actuators are used in parallel for aircraft ight control systems. Each redundant actuator must be capable of performing the task alone and possibly override the other faulty actuators. This over-engineering however, incurs penalties as cost and weight are increased and subsequently eciency is reduced. The High Redundancy Actuator (HRA) concept is a novel approach to actuator fault tolerance, inspired by human musculature. A muscle is composed of many individual muscle cells, each of which provides a minute contribution to the force and the travel of the muscle. These properties allow the muscle, as a whole, to be highly resilient to individual cell damage. The HRA project aims to use the same principle of cooperation to provide intrinsic fault tolerance using existing technology. To achieve this, a high number of small actuator elements are assembled in parallel and in series to form one highly redundant actuator (see Figure 1) . Faults within the actuator will aect the maximum capability, but through robust control, full performance can be maintained without either adaptation or reconguration. The HRA is an important new approach within the overall area of fault-tolerant control. When applicable, it can provide actuators that gracefully degrade, and that continue to operate at close to nominal performance in the presence of multiple faults in the actuator elements. The HRA research project has already studied the use of electromechanical technology [Du et al., 2007] in order to assess the concept's viability. Progress towards an electromagnetic HRA is also under way [Steen et al., 2007a ].
Overview
This paper presents the modelling of a moving coil actuator that is intended to be the building block of an electro-magnetic HRA. Derivation of the element model from operating principles and equivalent circuits is provided in Section 2. Section 3 describes the experimental identication of the parameters and verication of the model. The modelling of faults in a single element is given in Section 4. Section 5 details the modelling of element assemblies, the eect of faults in which is discussed in Section 6. Finally, the paper's conclusions are made in Section 7 which includes comments on the future direction of this research.
MODELLING OF A SINGLE ACTUATION ELEMENT
In order to construct a multi-element actuation system, it is rst necessary to model a single actuation element i.e. a moving coil actuator provided by SMAC UK Ltd. [SMAC, 2004] . This modelling will be addressed here. Figure 2 illustrates the basic components a moving coil actuator. It comprises a moving coil wound round the centre pole of a magnetic assembly that produces a uniform magnetic eld perpendicular to the current conducted in the coil. On providing a voltage, a current ows in the coil generating a force which is parallel to the direction of travel. This force causes the coil, and the rod which is mounted to it, to move. The force is proportional to the current in the coil, the number of turns, and the ux strength. The copper coil is wound round an aluminium bobbin, which forms part of the piston carriage. This aluminium bobbin surrounds the centre pole of the magnet, forming a circuit, and as such, as it moves within the magnetic eld, eddy currents are induced within it. These eddy currents produce magnetic elds that oppose the external magnetic eld and thus oppose the movement of the coil causing a Figure 3 . Magnetic ux within the static system. damping eect. In addition, eddy currents are also induced within the bobbin by the changing current in the coil. This aspect of the moving coil actuator in question complicates the modelling procedure as the usual resistor inductor circuit that is used to model the electrical characteristics is no longer appropriate. Hence, a dierent approach, based on magnetic principles is taken to the modelling of this system. As the system contains electrical, magnetic and mechanical elements, electrical analogies will be used to derive one homogeneous model. The actuation element will be modelled in two stages: rstly the electrical subsystem which characterises the force produced by the electrical input, and then the mechanical subsystem upon which this force is acting. Equivalent circuits will be formulated for both subsystems and then they will be combined using dynamical laws to produce one overall equivalent circuit for the element.
Operating Principles

Electrical Subsystem
Figure 3 illustrates the ux within the system. The gure shows the iron core surrounded by three coil circuits: the moving coil with its voltage input u 1 and winding resistance R 1 ; a second circuit representing the bobbin, which is eectively a closed-turn with resistance R 2 ; and a third coil representing the inductive and resistive core losses. The majority of the ux ows in the iron core, and is shown in Figure 3 as Φ M . Φ 1 is the ux linking the coil and Φ 2 is the ux owing in the bobbin. Φ b is the ux that links the coil and the bobbin. Finally, the core losses are denoted as Φ 3 . Using the following expressions for the magnetomotive force (m.m.f.) that creates the ux and the electromotive force (e.m.f.) created across the coils by the changing ux:
The three circuit equations can be dened: Figure 4 . Electrical subsystem equivalent circuit.
and using the m.m.f. law, analogous to Ampere's law, Φ = N I and substituting terms in N for inductances gives:
where I m = I 1 + I 2 + I 3 . These equations describe the element without mechanical movement i.e. when the bobbin is clamped. Hence, the mode represents only the electrical subsystem. Some simplications may be made as L 2 and L 3 are much smaller than L m and L B and thus they may be removed with little aect on the system [Chai, 1998 ]. The resultant equivalent circuit is shown in Figure 4 , and the following transfer function may be derived:
where:
The mechanical subsystem is a typical second order system consisting of the moving mass of the element and any stiness and damping within the system with an input force originating from the electrical subsystem. Using Newton's Law the mechanical subsystem can be described by the equation of motion given in equation (10).
Using the current-force analogy, this mechanical subsystem can also be described by an equivalent circuit that has a current input analogous to the electrical force supplying three parallel components:
• a capacitance, C m representing the moving mass, • a resistor, R d representing the damping within the mechanical system, as well as the damping caused by the velocity induced eddy currents, Figure 5 . Final equivalent circuit.
• and an inductor, L r representing any stiness within the system.
Full Model
The full model can be created by combining the two subsystems with the dynamics of the system. There are two equations that describe the ow of energy between the two subsystem circuits: the Lorentz force law and Faraday's law of induction. The current owing perpendicular to the ux density results in a force known as the Lorentz force:
This force moves both the coil and the bobbin, therefore a force is generated by both I 1 and I 2 :
The magnetic ux density, B is assumed to be constant over the travel of the coil/bobbin. The number of turns N and the conductor turn length l are also constant and so BN l may be combined to produce one force constant k. This force is the input to the mechanical subsystem.
As the coil and bobbin are allowed to move in the eld, their movement will generate counter-electromotive forces within their circuits which can be expressed as below:
(13) The derivativeẋ is the perpendicular component of the velocity of the wire relative to the ux lines. The voltage equations (6) and (7) are augmented as below to include the counter-electromotive force:
In the mechanical-electrical analogy, velocity is equivalent to voltage, and thus the voltage across the capacitor in the mechanical circuit isẋ. As both the counter-electromotive force equation and the Lorentz force equation have a factor of k, the transfer of force between the two subsystem circuits is equivalent to a transformer with a turns ratio of √ k. The mechanical components can be transferred to the primary electrical side by multiplying them by the square of the turn ratio, producing the nal equivalent circuit as shown in Figure 5 . The nal system parameters are displayed in Table 1 . From the equivalent circuit, the following state-space expression can be formed:
MODEL VERIFICATION & PARAMETER IDENTIFICATION
Frequency sweeps were made on a single actuation element in order to determine the parameter values and verify the model. Three signals were measured: the position and acceleration of the rod, and the coil current. Frequency responses for these signals were obtained over the frequency range 1-2000Hz with the coil free-moving. A frequency sweep for coil current was also carried out with the coil clamped mid-way along its travel. This aids the identication process as clamping the coil removes the mechanical dynamics from the system. Only two parameters could be measured directly: the moving mass, C m and the force constant, k. The moving mass was weighed and the force constant determined by applying a known current to the element and measuring its force using a scales. These two parameters determine the capacitance C m as C m = mk 2 . The remaining parameters were found by tting the model to the frequency response data using the optimisation toolbox. The frequency data was entered into Matlab and weights were applied to favour the magnitude response and the 10 − 100 Hz region and remove the inuence of the high frequency regions in the position/acceleration responses. Known model values were set and the remaining parameters dened as values to be determined. The model response was then matched to the measured data by dening the dierence between them as a scalar function, and using the Matlab function`fsolve' to nd a minimum of the function through variation of the parameters, starting from an initial estimate. The clamped frequency response was used rst in the tting process, as this system has fewer parameters. The clamped system transfer function was stated in equation (9). The results suggested that the eect of the inductance L B (symbolising the ux linking the bobbin The new clamped subsystem model is as described in equation (17). Hence, the parameters L m , L 1 , R 1 and R 2|3 were determined from this response.
The free-moving current and position responses were used to determine the remaining model parameters. The ratio between R 2 and R 3 was determined, allowing values for each to be found. The mechanical parameters L r and R d did not have a signicant aect on the system and thus are set very high. The frequency responses of the model and measured data for the free-moving system are shown in Figures 6 and 7 . The model provides a good t to the measured data between 5 − 100 Hz,which is the critical frequency range. The discrepancies present in the acceleration and position response at higher frequencies are due to unmodelled mechanical resonances. There may also be some skin eects present in the high frequencies, which could be modelled. However, this would increase the model order signicantly.
In the acceleration frequency response, a discrepancy below 5 Hz can also be observed. This dierence is attributable to stiction. Again, the inclusion of the stiction dynamics in the model is not considered worthwhile as this would introduce non-linearities into the system. However, transient response data suggests that the stiction is significant and that its inclusion in the model may be necessary in the future.
FAULT MODELLING IN A SINGLE ELEMENT
As the HRA is being developed in the interest of fault tolerance, it is necessary to model potential faults that can be injected into the system. Three main fault cases have been identied and modelled to date, namely:
• Mechanical Loose -A mechanically loose actuation element loses the ability to exert force between its two end points. Thus, a mechanically loose element behaves as if it is not there.
• Mechanical Lock-up -An element loses the ability to change the length between its two end points. This may occur if the coil of the rst actuation element is deformed and touches the magnet. This xes the mass with respect to the reference point, and consequently the relative position and the speed are constant.
• Power Loss -This fault is where the electrical input to the actuation element is lost, or the coil circuit becomes open circuit, but the mechanical subsystem continues to operate. These faults are easily represented in the electrical equivalent circuit format. Figure 8 illustrates where the equivalent circuit for an actuation element needs to be shorted or severed to represent the given faults. A loss of power is realised by breaking the circuit so that the electrical power supply is disconnected. The mechanical loose fault is similar, as the force applied to the mass is lost. As current is equivalent to force in the current analogy, and the capacitance C m represents the mass, the current supply to this component I Cm must be removed, and thus the circuit is opened at this point. The mechanical lock-up fault requires the capacitor to be short circuited: the force applied to the mass is bypassed, xing the masses velocity and position relative to the preceding element or surface. Figure 9 . Parallel and serial assemblies using circuit analogies.
MODELLING OF ACTUATION ASSEMBLIES
Having developed a model for a single actuation element, multi-element assemblies can now be constructed to form a HRA. The current focus of the project is on planar assemblies and thus the elements are arranged either serially, or in parallel, or in serial/parallel combinations. The optimum conguration of actuation elements, in accordance with the high redundancy actuation concept, is discussed in [Steen et al., 2007a] , and hence will not be addressed here. This section will merely address the issue of creating models of possible actuation assemblies using SMAC moving coil actuators as actuation elements. The use of electrical analogies in the model derivation allows multi-element actuator models to be created by replicating and interconnecting the equivalent circuit according to the assembly structure. For example, if two actuation elements are arranged in parallel and act upon a common load, their forces add and act upon one moving mass. Thus, the element equivalent circuit capacitor branch currents I Cm1 and I Cm2 add and ow through one combined capacitor, or alternatively each current ows separately through two parallel capacitors that add to make the moving mass as shown in Figure 9 . If actuators are connected in series, the rst moving mass has the force of the rst element and an opposing force from the second element acting upon it, and the second moving mass has the second element force applied to it. In electrical equivalence terms this means the rst capacitor C m1 has the current I Cm1 −I Cm2 and the second capacitor C m2 has the current I Cm2 and thus the two circuits are connected as shown in Figure 9 . More complicated assemblies can be modelled based on these two fundamental circuits.
FAULTS IN ACTUATION ASSEMBLIES
The equivalent circuit representation of the model provides an intuitive insight into the eect of the faults on multielement assemblies. To illustrate this point, the equivalent circuit fault model for a two-by-two series-in-parallel system, as shown in Figure 10 , is given in Figure 11 . In the example assembly, elements one and two work upon masses m 1 and m 2 respectively. m 1 and m 2 are the combined mass of the moving mass of elements 1 and 2 the casing mass of 3 and 4, respectively. The casing masses of Figure 10 . Two-by-two series-in-parallel assembly. Figure 11 . Faults represented in the equivalent circuit for a two-by-two series-in-parallel assembly. actuation elements 1 and 2 are not included in the diagram as they are xed to a surface. actuation elements 3 and 4 both apply their force to m 3 , which is the combined mass of the moving masses of elements 3 and 4 and the load mass. The eect of faults on this system, with reference to the equivalent circuit diagram, is discussed below.
Power Loss
A power loss fault in any of the actuation elements removes the inuence of the electrical subsystem on the associated mechanical subsystem, but does not aect the ow of force between the systems. Hence theoretically, this HRA can withstand up to three power losses without complete loss of force to the load.
Mechanical Loose
A mechanical loose fault in actuation elements 1 or 2 results in loss of current to C m1 or C m2 respectively. In mechanical terms, this means that the force on m 1 or m 2 is lost, rendering that serial branch inoperable. The same applies to elements 3 and 4, as a loose fault in either will result in a reduction of current to C m3(a+b) . However, the remaining un-loose serial branch will continue to provide force to the load mass in either case, resulting in a theoretically operational system. If both serial branches suer a loose fault however, current to C m3(a+b) will be lost completely, resulting in the failure of this HRA conguration. A mechanical lock-up in elements 3 or 4 results in the short-circuiting of the capacitance C m3(a+b) , hence xing x 3 andẋ 3 with respect to the previous masses. If elements 1 or 2 lock-up, then their respective capacitor is shortcircuited and thus the states of the associated mass are xed with respect to the xed surface. The system will remain theoretically operational as long as one element in each serial branch remains un-locked. These observations conrm the logical deductions that parallel elements reduce the eect of loose mechanical faults, but do not aid fault tolerance in the case of mechanical lock-ups. Conversely, serial elements improve fault tolerance to mechanical lock-ups, as the other element remains eective, but are vulnerable mechanically loose faults. The quantication of fault tolerance within high redundancy actuators is further discussed in [Steen et al., 2007b] .
CONCLUSIONS
In this paper a model for a moving coil actuator has been derived with the intention of using it as a single element within an electro-magnetic HRA. The model was veried using experimental data and the parameter values were identied. The modelling of faults appropriate to moving coil technology in a single element was considered and the formulation of assembly models using equivalent circuits was discussed. Finally, the eect of faults on multi-element assemblies was considered and an example given. This modelling provides a foundation for the control studies planned for the future. The control studies planned within the project take two directions: robust control strategies and self-organising control.
